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INTRODUCTION 

S tudies  of t h e  oblique-wing concept have shown s u b s t a n t i a l l y  improved t r anson ic  
aerodynamic performance a t  Mach numbers up t o  1.4, and f l i g h t  without sonic  b o o m s  at 
Mach numbers as high as 1.2 ( r e f .  1 ) .  Subsonic oblique-wing t r anspor t  s t u d i e s  
( ref .  2 )  have shown t h e  p o t e n t i a l  for  e i t h e r  increased  range o r  reduced takeoff  gross 
weight. Common t o  t h e  conf igura t ions  of both s t u d i e s  is  t h e  inhe ren t ly  l o w  a i rport  
no i se  and genera l ly  b e t t e r  low-speed performance c h a r a c t e r i s t i c s .  An overview of 
oblique-wing app l i ca t ions  is presented i n  reference 3. Although oblique-wing aerody- 
namic performance b e n e f i t s  occur a t  t ransonic  speeds, many of t h e  problems associ- 
ated with asymmetry are not s t rongly  t i e d  t o  compress ib i l i ty  and thus ,  t o  a l i m i t e d  
ex t en t ,  can be s tud ied  a t  low speeds. 

The AD-1 a i rp l ane  w a s  designed and f ab r i ca t ed  t o  be a low-speed, low-cost air- 
p lane  with which research could be conducted on many of t he  problems a s soc ia t ed  w i t h  
an aeroeiastic obiique-wing airplane. The "low cost low speed" criicept limits?, both 
the complexity of the veh ic l e  and t h e  scope of t h e  t echn ica l  ob jec t ives .  Low speed 
allowed t h e  use of a low-technology s t ruc ture ,  f i x e d  landing gear ,  and mechanical 
con t ro l  system. Technical ob jec t ives  were l i m i t e d  by t h e  use of a minimal 40-channel 
instrumentat ion system. The specific technica l  ob jec t ives  of t h e  AD-1 program w e r e  
( 1 )  assessment of the unique handling and f ly ing  q u a l i t i e s  of an unaugmented, low- 
speed, oblique-wing vehic le ;  ( 2 )  general  appra isa l  of the na ture  and complexity of a 
f l i g h t  con t ro l  s y s t e m  on an oblique-wing configurat ion;  ( 3 )  v e r i f i c a t i o n  of the wing 
s t a t i c  a e r o e l a s t i c  design cr i ter ia ;  and ( 4 )  comparison of t h e  f l ight-determined aero- 
dynamic data with p red ic t ions .  

The geometric conf igura t ion  of the AD-1 a i r p l a n e  w a s  s e l e c t e d  from a i rp l ane  con- 
f i g u r a t i o n s  s tud ied  by the Boeing Commercial Airplane Company under con t r ac t  t o  NASA 
( ref .  1 ) .  While t h e  o v e r a l l  vehic le  design w a s  spec i f i ed  by NASA, t h e  detailed 
design and load analyses  were conducted under a cont rac ted  e f f o r t  by t h e  Rutan 
A i r c r a f t  Factory.  The a i rp l ane  w a s  fabr ica ted  under a cont rac ted  e f f o r t  by t h e  Ames 
I n d u s t r i a l  Corporation. 

I n  t h i s  report, t h e  f l ight-determined der iva t ives  are compared with pred ic t ions .  
A f i n a l  "bes t  estimate" of t h e  de r iva t ives  is a l s o  presented.  The de r iva t ives  pre- 
sen ted  were used t o  document t h e  veh ic l e ' s  unique aerodynamic c h a r a c t e r i s t i c s ,  t o  
analyze t h e  t o t a l  forces and moments ( r e f .  41,  and t o  update t h e  real-t ime s imulat ion 
f o r  f l i g h t  planning and s a f e t y  of f l i g h t .  

NOMENCLATURE 

The right-hand r u l e  i s  used a s  a basis f o r  t h e  fo rce  and moment s ign  conven- 
t i o n ,  and a l l  c o e f f i c i e n t s  and de r iva t ives  are referenced t o  t h e  body axes. A l l  
da t a  are referenced t o  a longi tudina l  center  of g rav i ty  a t  t h e  wing p ivo t  ( t h a t  is ,  
c.g. = 0 . 4 ~ ~ ) '  are f o r  the r i g h t  wingt ip  forward or a t  zero  sweep, and inc lude  the  
e f f e c t s  of landing gear.  Wing sweep is  the sweep angle  of the s t r a i g h t  chord l i n e  
on t h e  wing. For the  f l i g h t  vehic le ,  t h e  s t r a i g h t  chord l i n e  of the wing is a t  
approximately 27 percent .  For t h e  wind tunnel tests, wings with s t r a i g h t  q u a r t e r  
chord, 30-percent chord, and mid chord were used. 
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reference and a c t u a l  unswept wingspan, m ( f t )  

cen te r  of g rav i ty ,  f r a c t i o n  of cr 

reference and unswept wing roo t  chord, m ( f t )  

acce le ra t ion  due t o  grav i ty ,  g 

r o l l i n g  moment of i n e r t i a ,  kg-m2 ( s lug - f t2 )  

x-y cross product of i n e r t i a ,  kg-m2 ( s l u g - f t 2 )  

x-z cross product of i n e r t i a ,  kg-m2 ( s l u g - f t 2 )  

p i tch ing  moment of i n e r t i a ,  kg-m2 ( s lug - f t2 )  

yawing moment of i n e r t i a ,  kg-m2 ( s lug - f t2 )  

r o l l  ra te ,  deg/sec or rad/sec 

p i t c h  r a t e ,  deg/sec o r  rad/sec 

yaw ra te ,  deg/sec o r  rad/sec 

ve loc i ty ,  m/sec ( f t / s e c )  

angle  of at tack, deg 

angle  of sidesl ip ,  deg 

aileron de f l ec t ion ,  &aleft - Garight, deg 

e leva tor  de f l ec t ion ,  deg 

rudder def lec t ion ,  deg 

f r a c t i o n  of semispan 

wing sweep angle ,  deg 

Coeff ic ien ts :  

CQ r o l l i n g  moment 

Cm p i tch ing  moment 

CN normal force  

Cn yawing moment 

CY s ide f  orce 
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Derivat ives  : 

, per rad 3% 
j cy a -  

=- 
%, 

2v 

where 

Derivat ives  with r e spec t  to  Cg, CN, GI and C y  are similar to  those f o r  %. 

VEHICLE DESCRIPTION 

The gene ra l  l ayout  of the  AD-1 a i rp lane ,  shown i n  f i g u r e  1,  c o n s i s t s  of a high- 
f ineness - r a t io  fuse lage ,  t w o  t u r b o j e t  engines mounted on s h o r t  pylons on the  side of 
t he  fuse lage ,  f ixed  gear, and a high-aspect-ratio a e r o e l a s t i c  variable-sweep obl ique 
wing. A t o t a l  f u e l  capac i ty  of 270 liters (72 g a l )  i s  s to red  i n  t w o  fuselage tanks 
loca ted  forward and a f t  of the  wing p ivo t  locat ion.  For these  tests, the  f l i g h t  
c.g. w a s  gene ra l ly  within a few percent  of i t s  nominal qua r t e r  r o o t  chord value. 
Additional phys ica l  c h a r a c t e r i s t i c s  are given i n  t a b l e  1. 

S t r u c t u r a l l y ,  the  a i rp l ane  cons i s t s  of a f iberg lass - re inforced  p l a s t i c  sandwich 
separa ted  by a core of r i g i d  foam. Except f o r  the wing p i v o t ,  a l l  s t r u c t u r a l  compo- 
nents  w e r e  designed t o  a 6g l i m i t  load capab i l i t y  and a 175-KEAS l i m i t  a i rspeed.  The 
wing p ivo t  w a s  designed t o  a load l i m i t  of 5259. 

The primary f l i g h t  c o n t r o l s  were conventional a i l e r o n ,  e l eva to r ,  and rudder, 
which w e r e  ac tua ted  using a mechanical control  system. 
mechanically l inked t o  the  upper rudder; yaw t r i m  w a s  provided by the  e l e c t r i c a l l y  
operated lower rudder. P i t ch  and r o l l  t r i m  were obtained from e l e c t r i c a l l y  oper- 
a t e d  tabs loca ted  on the  e l eva to r  and r i g h t  a i l e ron ,  r e spec t ive ly .  Wing sweep w a s  
i n i t i a t e d  using a switch on the instrument panel.  The wing could be returned t o  
the  unswept pos i t i on  using e i t h e r  the switch o r  a t r i g g e r  on the  p i l o t ’ s  cen te r  
s t i c k .  
sweeping forward. 

The rudder pedals were 

The wing could only be swept i n  one d i r e c t i o n ,  with the  r i g h t  wingtip 
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increased flexibility. One new wing had a straight 30-percent chord line, while the 
other had a straight quarter chord line. All three wings had the same aspect ratio, 
taper ratio, and airfoil. The aeroelastic characteristics of both the straight quar- 
ter chord and straight 30-percent chord wings were found to be acceptable. 

Forces and Moments 

A detailed flight-to-wind-tunnel comparison of the aerodynamic forces, moments, 
and aeroelastics is presented in reference 4; therefore, only an example of the pre- 
diction for the longitudinal static stability derivative, ha, is presented herein. 
The predictions have been adjusted to a lg flight condition. 

Sideslip Characteristics 

As stated previously, it was necessary to use the bottom-mounted blade support 
to obtain sideslip characteristics. The wind tunnel tests consisted of sideslip 
variations of f 5 O  at constant angles of attack for each wing sweep. 
er'r'ects were r'ound. Tie data Eor  tiie O =  
O o  sideslip. For the swept configurations, the data were linearized about - 2 O  side- 
slip since it was recognized that the airplane would trim at slightly negative angles. 
Although the sideslip predictions were based on wind tunnel data, predictions for C 
contained extensive interpretation. 

No aeroelastic 
sweep c w a j ? ~ y u r a . c ~ o n  w.ere i i i iealized & W . U t  

mB 

Control Surface Characteristics 

The aileron characteristics were obtained from wind tunnel tests of the straight 
midchord aluminum wing. The other two wings did not have ailerons. Although there 
were only slight geometric differences between model and flight vehicle geometries, 
the higher torsional rigidity of the aluminum wing resulted in higher aileron control 
power. Right and left ailerons were tested separately, both up and down, using 8.1° 
of deflection. Minor left-to-right asymmetries were shown to exist in the wind tun- 
nel results; however, to compare with flight, these effects were averaged to form 
combined aileron derivatives. 
wind tunnel results were not consistent and were calculated using the wind tunnel 
value for Cg and the equation 

For the pitching moment due to aileron parameter, GSa, 

&a 

Elevator effects were obtained from wind tunnel data at elevator positions of 
-8O, O o ,  8.5O, and 13.5O. Predictions were linearized around an approximate trimmed 
flight value. 

The initial rudder characteristics (which are not included in this report) were 
obtained from wind tunnel tests at wing yaw angles of 00 and 45O. Using the bottom- 
mounted blade support, sideslip sweeps were performed at several constant angles of 
attack with and without 14.10 of rudder. Only slight variations in the resulting 
derivatives occurred as a result of wing sweep. Subsequent to the wind tunnel tests, 
it was decided to change the rudder geometry by both increasing the rudder chord by 
20 percent and splitting the control surface at its midwaterline. 
rudder was used for pilot control, while the new lower rudder was used for yaw trim. 

The new upper 
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To estimate the  new rudder de r iva t ives ,  t h e  i n i t i a l  rudder c h a r a c t e r i s t i c s  w e r e  com- 
puted using the  Vortex-Lattice program of re ference  5. Next, the  scale factor neces- 
s a ry  t o  a d j u s t  these computations t o  t h e  wind tunnel  values  w a s  determined. F ina l ly ,  
t h e  new rudder geometry w a s  analyzed us ing  t h e  Vortex-Lattice program and was scaled 
us ing  the  previously determined f ac to r .  A t  h igher  angles  of at tack, the  computed 
values  w e r e  decreased t o  r e f l e c t  t h e  reduct ion i n  CnB f o r  which higher-angle-of-attack 
wind tunnel  data w e r e  ava i l ab le .  

Damping C h a r a c t e r i s t i c s  

The primary t o o l  f o r  es t imat ing  damping de r iva t ives  w a s  t h e  STBDER computer pro- 
gram of reference 6. Its primary appl ica t ion  is t o  compute s t a t i c  and dynamic der iv-  
a t i v e s  f o r  oblique-wing vehic les  i n  t h e  subsonic f l i g h t  regime. STBDER uses l i f t i n g  
l i n e  theory f o r  t h e  wing cont r ibu t ion ,  and c l a s s i c a l  methods f o r  t h e  r e m i x i n g  
veh ic l e  components. Using the  program, the s t r a i g h t  taper wing of t h e  AD-1 veh ic l e  
w a s  approximated with a r i g i d  s t r a i g h t  q u a r t e r  chord, e l l i p t i c a l l y  tapered wing. The 
c o r r e l a t i o n  between f l i g h t  and STBDER damping de r iva t ives  has previously been shown 
t o  be good (ref. 7). A s  an add i t iona l  check, t h e  Vortex-Lattice program of refer- 
ence 5 w a s  used t o  compute seve ra l  of t h e  primary damping de r iva t ives  a t  00 and 450 
wing sweep. 

Damping de r iva t ives  obtained from references  5 and 6 a r e  purely ro t a ry  deriva- 
t i v e s  and a r e  not combined with t h e  t r a n s l a t i o n a l  acce le ra t ion  der iva t ives .  Gener- 
a l l y ,  damping de r iva t ives  obtained from e i t h e r  f l i g h t  or o s c i l l a t o r y  wind tunnel  tests 
combine t h e  ro ta ry  and t r a n s l a t i o n a l  acce le ra t ion  de r iva t ives  i n t o  a s i n g l e  damping 
parameter. A s  an example, 

It is common p rac t i ce  t o  c a l l  t h i s  parameter only by i t s  r o t a r y  de r iva t ive  name, 
A l l  f l i g h t  de r iva t ives  i n  t h i s  r epor t  are called only by t h e i r  r o t a r y  deriva- 

t i v e  names. Reference 8 gives  an example of a f l i g h t  ana lys i s  where the r o t a r y  and 
t r a n s l a t i o n a l  acce lera t ion  de r iva t ives  w e r e  separated.  When computing damping der iv-  
a t i v e s ,  t he  t r a n s l a t i o n a l  acce le ra t ion  de r iva t ives  are o f t e n  neglected because most 
of t h e m  are r e l a t i v e l y  small and because techniques t o  compute them are not  r e a d i l y  
ava i lab le .  However, t h e  t r a n s l a t i o n a l  acce le ra t ion  de r iva t ives  Cm. and Cn. are o f t e n  

s i g n i f i c a n t ;  t h u s  t h e  p red ic t ions  f o r  C and Cn are probably l o w  because they under- 

estimate t h e  damping parameters 

and hb are combined t o  form t h e  parameter C% + Cmh. erns 
erns- 

a B 
“s r 

$ + and Cnr + Cn., respec t ive ly .  
B 

FLIGHT DERIVATIVE ANALYSIS 

The MMLE3 program (ref. 9), which i s  one of t h e  m o s t  widely accepted and b e s t  
techniques for es t imat ing  s t a b i l i t y  and con t ro l  de r iva t ives ,  w a s  the  primary f l i g h t  
data ana lys i s  tool.  MMLE3 uses  a maximum l ike l ihood  es t imat ion  method of ana lys i s .  
The program is  u s e r  f r i end ly ,  allowing f o r  rapid software modif icat ion ( re f -  101, 
and has a i r c r a f t - s p e c i f i c  subrout ines  t h a t  allow m o s t  of t h e  inpu t  t o  be defaul ted.  

For t h e  AD-1 ana lys i s ,  t h e  program w a s  modified t o  inc lude  an aerodynamic model 
s i m i l a r  t o  t h e  model used i n  reference 7. This  model separa ted  t h e  long i tud ina l  and 
l a t e r a l - d i r e c t i o n a l  equat ions of motion but  included the  e f f e c t s  of t h e  aerodynamic 
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cross-coupling terms. This was done in the longitudinal analysis by eliminating the 
differential equations for the lateral-directional motion and using measured lateral- 
directional responses as inputs to the longitudinal equations. Similarly, the 
lateral-directional analysis uses the measured longitudinal responses. The effects 
of the cross product of inertia, Ixyr were included. 
the engine gyroscopic effects were not included. Neither model included the aero- 
elastic effects. 

Unlike the model of reference 7, 

When using MMLE3, a measure of the accuracy of each derivative is provided in 
the form of Cram&-Rao bounds. 
Cram&-Rao bounds is given in reference 11. 
results, they were multiplied by a scale factor of 2 .  
(low derivative accuracy) have been attributed to many types of problems, including 
aerodynamic modeling inaccuracies such as when nonlinear terms are not modeled, 
external inputs such as turbulence that is not modeled, poorly conditioned maneuvers 
that exhibit an overdamped response, or a maneuver that is simply too small for the 
system signal noise. In a flight environment, maneuvers nearly always suffer from 
one or more of these problems. Thus, it is not unreasonable to sometimes obtain 

effect on vehicle motion and will normally yield poor derivative estimates. 

An evaluation of the use and accuracy of the 
To accentuate the bounds on the plotted 

The large Cram&-Rao bounds 

'I ---- ~ - - - Z . - - D = -  hrr..-ac 12 a ~ d i t i c r ? ,  ~c)me -ebaicle fi=ri.z=ti.-res T-rery l i t t l e  
I P I  y s  -A. CIlllrL I.-" -VU..-" - 

All data maneuvers were performed at an altitude of 3800 m (12,500 ft) and with 
a load factor of 1. Neglecting slight changes in gross weight, angle of attack 
could not be varied independent of airspeed. At the higher angles of attack (lower 
airspeed), the airspeed measurement becomes less accurate, which causes all the 
derivative estimates to deteriorate. Specific flight maneuvers were performed for 
MMLE3 analysis. 
5 to 7 sec of no control input. Longitudinal maneuvers consisted of two elevator 
doublets; lateral-directional maneuvers consisted of two rudder doublets followed by 
two aileron doublets. Aileron doublets were performed last to minimize changes in 
flight conditions. The longitudinal maneuvers typically lasted 15 sec and were ana- 
lyzed at 50 sps. Lateral-directional maneuvers, lasting about 30 sec, were analyzed 
at 25 sps. 

These consisted of a series of doublet control inputs separated by 

As a means of verifying the MMLE3 analysis, a more classic technique (used in 
ref. 4 )  was used to compute changes in the forces and moments due to slow sideslip 
variations. From these maneuvers, linearity in the sideslip characteristics was 
confirmed, and sideslip derivatives were computed. Although the intent of the 
maneuvers was to slowly vary sideslip over a flOo range, at higher wing sweeps the 
vehicle dynamics made it difficult to perform steady maneuvers. 

RESULTS AND DISCUSSION 

Although a complete set of both longitudinal and lateral-directional deriva- 
tives were obtained from flight data, some of the results are not presented herein. 
Derivatives that describe the total force or moment as a function of angle of attack 
have been omitted since similar data are presented in reference 4. Derivatives with 
larger Cramgr-Rao bounds have also been omitted. 
Cram&-Rao bound for each derivative is presented in table 4. 
bound was less than the symbol size, the bound was omitted from the plot. 

The size of the maximum allowable 
When the Cram&-Rao 
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Longitudinal Flight Results 

Consistent MMLE3 longitudinal results were obtained for some of the primary deriv- 
atives. For the remaining longitudinal derivatives, consistent results were difficult 
to obtain. There were three primary reasons for this problem: First, the low-cost 
considerations for the instrumentation tended to limit the quality of the basic time- 
response data. Second, the longitudinal response was heavily damped. Third, with 
the AD-1 aircraft, significant aeroelastic effects and nonlinearities are present that 
are not modeled in MMLE3. 

As shown by both the predictions and the flight results of reference 4, the aero- 
elastics can be modeled as a change in aircraft moments due to load factor. As an 
example, the change in pitching moment with load factor is shown in figure 3. 
Although the data of figure 3 are not linear, they can be linearized over a small 
incremental range of load factor to yield the linear derivative nm Since C, was 

not modeled, the MMLE3 results should indicate a bias in Cm 

results for Cm, would actually represent a parameter 

this report, the computation of Cm, was not necessary because the reference 4 

computation of C, as a function of a (fig. 4 )  eliminates the need to use the MMLE3 
Cma value. Figure 4 also illustrates the nonlinearities in the pitching moment 

curves - especially at angles of attack above 60. When MMLE3 is modeled with a 
linear set of derivatives (as it was for the AD-1 aircraft), the derivatives tend 
to be averaged over the maneuver’s incremental angle of attack. This often re- 
quires some interpretation of the final results, but it is usually not a major 
problem by itself. 

g ’ 9 
- that is, the flight a 

plus the term Cm . For 
9 

None of the three problems discussed is considered major by itself. However, 
the occurrence of all the problems at once can significantly impact the flight data 
results, as illustrated by Cma and $ (fig. 5). 
scatter, especially at higher wing sweeps and angles of attack. There is the 
expected bias in the ha results due to the Cm 
an unexpected bias in the flight data for C that was discovered when a fairing of 

the flight data was mechanized in the real-time simulation. Inconsistent data were 
also obtained for C, B,  G p ,  and Gr. Indications are that these damping and stabi- 
lity derivatives were often traded, resulting in high levels of scatter and unknown 
biases in the flight data. 

The data exhibit considerable 

derivative; however, there is also 
g 

ms 

The MMLE3 flight-determined values for ““g at zero sweep and for C, are pre- 
6e 

sented in figure 6. 

significantly higher than the prediction. Part of this discrepancy is considered to 
be due to neglecting Cm., which would have added approximately -4 per radian units 

to the prediction. Flight values for the pitch control derivative, Cmse, are only 

slightly lower than the predictions. 
power is probably because the control surface is sealed on the wind tunnel model and 
not on the airplane. 

The flight value for the pitch damping derivative, C%, is 

a 

The slight reduction in predicted control 
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F l i g h t  va lues  f o r  CmB, a s  computed from s i d e s l i p  v a r i a t i o n  maneuvers, are pre- 

sen ted  i n  f i g u r e  7. The f l i g h t  data generally v e r i f y  t h e  p red ic t ions  although, as 
previous ly  stated,  the  p red ic t ions  are based on wind tunnel  da t a  with s i g n i f i -  
c a n t  i n t e r p r e t a t i o n .  B 

Lateral-Direct ional  F l i g h t  Resul ts  

The l a t e r a l - d i r e c t i o n a l  s i d e s l i p  der iva t ives ,  CgB,  CnB, and Cy as obtained B' 
from the  MMLE3 a n a l y s i s ,  are presented i n  f igu re  8. The f i g u r e  r evea l s  discrepan- 
cies between t h e  f l i g h t  data and t h e  predict ions.  The s i g n i f i c a n t l y  higher  values  
f o r  t h e  p red ic t ions  are considered t o  be a r e s u l t  of us ing  the  bottom-mounted blade 
support .  A more i n t e r e s t i n g  e f f e c t  is t h e  decrease i n  C 

h igher  angles  of a t t ack .  

s l i g h t l y  decreases  with angle  of attack, t h e  decreases i n  CnB with sweep are con- 

" I U I I I U  c i A a . r a a  tc he a wicg effect, Recai~gp the f l i g h t  c-9- w a s  aboiit 15-percent cy forward 
of t h i s  report 's  re ference  c.g., f l i g h t  values f o r  C w e r e  about 0.00022 more posi-  

t i v e  ( t h a t  i s ,  more s t a b l e )  than t h e  da ta  shown i n  f i g u r e  8.  The e f f e c t i v e  d ihedra l  
de r iva t ive ,  C Q ~ ,  i nc reases  with sweep a t  higher wing sweeps and angles  of a t t ack .  

The phys ica l  reasons f o r  t h e  high-angle-of-attack changes i n  CQ and C w i t h  wing 

sweep a r e  n o t  understood. The s i d e s l i p  der iva t ives  obtained f r o m  s idesl ip  v a r i a t i o n  
maneuvers are presented  i n  f i g u r e  9 and are  shown t o  v e r i f y  the MMLE3 r e s u l t s .  

w i t h  wing sweep a t  t h e  "B 
Because CyB does not decrease w i t h  wing sweep and only 

"B 

B "B 

The a i l e r o n  con t ro l  de r iva t ives ,  Cgga, Cng,, and Cy6 , are plotted i n  f i g u r e  10 
a 

as func t ions  of angle  of a t t a c k  and i n  f igure  11 as func t ions  of wing sweep. The 
primary a i l e r o n  con t ro l  de r iva t ive ,  C Q ~ , ,  is shown t o  decrease with both angle  of 

a t t a c k  and wing sweep. Although both these t r ends  are cons i s t en t  with t h e  predic-  
t i o n s ,  t h e  f l i g h t  values are general ly  l e s s  than t h e  p red ic t ed  values f o r  sweep 
angles  less than 6 0 ° .  The probable reason i s  t h e  lower t o r s i o n a l  r i g i d i t y  of t h e  
a i r p l a n e  wing a s  compared with the  aluminum wind tunnel  model wing. Control 
a u t h o r i t y  a t  t he  higher  sweep angles was l o w  bu t  w a s  s a t i s f a c t o r y  s ince  the a i l e r o n s  
w e r e  o r i g i n a l l y  designed t o  provide adequate con t ro l  a t  60° wing sweep. As t h e  wing 
is  swept, r o l l  damping and r o l l  i n e r t i a  a l so  decrease.  

Yawing moment due t o  a i l e ron ,  CnSa, becomes more proverse as angle  of attack i s  

increased  and more adverse as wing sweep i s  increased.  A t  t h e  l o w e r  wing sweeps, 
Cn6, i s  s m a l l  r e l a t i v e  t o  Cg 

handl ing q u a l i t i e s .  

Cas,, i s  l a r g e  enough t o  cause s o m e  undesirable adverse yaw. 

and thus  not a major inf luence  on t h e  veh ic l e ' s  
&a 

Near 600 sweep a t  lower angles  of a t t a c k ,  Cng,, r e l a t i v e  t o  

The s ide fo rce  due t o  

, i s  a de r iva t ive  w i t h  l i t t l e  in f luence  on t h e  veh ic l e  response. Thus, 

t h e  f l i g h t  va lues  are poorly defined, leaving t h e  p red ic t ions  as t h e  best estimate. 

The rudder con t ro l  de r iva t ives ,  C i g r ,  Cng,, and Cy6 , are presented i n  f i g u r e  12 
r 

and show reasonable  agreement with predict ions.  There w e r e  no d i sce rn ib l e  v a r i a t i o n s  

9 



with e i t h e r  angle of a t t ack  o r  Wing sweep- 
qua te  t o  maneuver and f l y  t h e  vehicle .  
wing sweeps approaching 60° o r  t o  a t t a i n  high s i d e s l i p  angles  f o r  t h e  s i d e s l i p  
v a r i a t i o n  maneuvers, t h e  rudder t r i m  s u r f a c e ' s  cont ro l  a u t h o r i t y  w a s  needed. 

Yaw Control a u t h o r i t y  w a s  genera l ly  ade- 
However, t o  e i t h e r  t r i m  t h e  veh ic l e  w i t h  

The r o l l  damping de r iva t ives ,  Cgq, Cgp, and C g  are plotted as func t ions  of 

angle  of a t t a c k  i n  f i g u r e  13 and as func t ions  of wing sweep i n  f i g u r e  14. The 
damping i n  r o l l  due t o  p i t c h  rate de r iva t ive ,  Cgq, conta ins  considerable  scatter. 

O f  the  l a t e r a l - d i r e c t i o n a l  de r iva t ives ,  both Cg and Cn (no t  y e t  p resented)  are i n  

error because the  engine gyroscopic effect  w a s  not  modeled. The e r r o r  i s  on t h e  
order  of 20 percent,  whereas t h e  scatter is  over 100 percent .  Since these deriva- 
t i v e s  cross i n t o  t h e  p i t c h  a x i s ,  they w e r e  degraded by many of t h e  same problems 
encountered w i t h  t h e  longi tudina l  ana lys i s ;  t he re fo re ,  t h e  p red ic t ion  i s  t h e  b e s t  
estimate f o r  Cg 

nega t ive)  with both wing sweep and angle  of a t t ack .  The apparent s c a t t e r  around 15O 
sweep is  from maneuvers with higher  frequency con t ro l  i npu t s  t h a t  were performed for  
s t r u c t u r a l  ana lys i s  but later analyzed us ing  MMLE3. The l a r g e  and p red ic t ed  reduc- 
t i o n  i n  Cg 

ties. 

p red ic t ions ,  although the f l i g h t  values are higher  than  p red ic t ions  a t  t h e  higher  
sweeps and angles  of a t t ack .  

r' 

9 q 

The primary r o l i  damping parameter, Cgp, decreases  (becomes less 
q' 

due t o  sweep had t h e  predic ted  degrading e f f e c t  on t h e  handl ing qua l i -  
P 

The r o l l  due t o  yaw r a t e  damping parameter, Cg,, genera l ly  v e r i f i e d  t h e  

The yaw damping de r iva t ives ,  Cn , Cnp, and Cn , are presented i n  f i g u r e  15 a s  q r 
func t ions  of angle of a t t a c k  and i n  f i g u r e  16 as func t ions  of wing sweep. The 
damping i n  yaw due t o  p i t c h  rate de r iva t ive ,  Cn , is  not  w e l l  def ined by t h e  f l i g h t  

data, as s t a t e d  in  t h e  discussion of Cg The damping i n  yaw due t o  r o l l  rate der iv-  

a t i v e ,  Cn , i s  reasonably w e l l  def ined by t h e  f l i g h t  data and s i g n i f i c a n t l y  more 

negat ive than  predicted.  The primary damping i n  yaw parameter, Cnr, is  m o r e  nega- 

t i v e  than  predicted,  i nd ica t ing  a higher  l e v e l  of yaw damping. The Cn. de r iva t ive  

w a s  not included i n  the  p red ic t ion  f o r  Cn r 
discrepancy. 

q 

9' 

P 

B 
and is probably t h e  reason f o r  the 

Derivat ive Best E s t i m a t e s  

Engineering judgment w a s  used t o  compile a "bes t  estimate" set of der iva t ives .  
These estimates are  based on hand-faired f l i g h t ,  wind tunnel ,  and computational 
data, and c o n s t i t u t e  a f i n a l  set of der iva t ives .  I n  conjunction with the  da ta  of 
re ference  4, these de r iva t ives  provide a complete aerodynamics data package. 

A b e s t  es t imate  set of l ong i tud ina l  de r iva t ives  is  presented  i n  f i g u r e  17. The 
value of CmB w a s  estimated based on t h e  f l i g h t  a n a l y s i s  of the  s l o w  s i d e s l i p  

maneuvers shown i n  f i g u r e  7. 

The zero-sweep value for  C is based on MMLE3 analys is .  For nonzero wing sweep, 

Cms w a s  es t imated by adding t h e  computed p r e d i c t i o n  increment t o  the zero-sweep 

f l i g h t  value. Real-time s imulat ion ind ica t ed  t h a t  t h e  r e s u l t i n g  p i t c h  damping w a s  

The values  shown f o r  C N ~ ,  Cmp, and C, are predicted.  r 

ms 
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representative. The value of Cm6 is based on MMLE3 results. The ratio between the 

predicted and flight values for Cm6 
then used to scale the predictions for the estimate of C N ~  . 
computed from the MMLE3 flight results for Cg using equation (1). The estimate 

for C N ~  was zero. 

e 
was used to compute a scale factor which was 

e 
The value of C, was 

e 6a 

sa 

a 

The best estimate set of lateral-directional derivatives is presented in 
figure 18. Estimates for all major derivatives are based on MMLE3 results. 
Estimates for Cy , Cgq, and Cn are based on the predictions. 

6a 9 

CONCLUDING REMARKS 

A flight investigation was conducted to provide stability and control deriva- 
tives for the AD-1 oblique-wing research airplane. A best preflight set of predic- 
tions was estimated based on both wind tunnel and computational analysis results. A 
correlation between the flight-determined derivatives and the preflight predictions 
was conducted. Of the major derivatives, Cg6,, CgP, Cms,, and the rudder deriva- 

tives verified the predictions. Other major derivatives, CQ, CnB, CyB, %, and 
Cnr, did not agree with the predictions. 

discussed. A l s o  discussed were problems encountered with the longitudinal flight 
analysis. A "best estimate" set of derivatives was presented. 

Reasons for the disagreement were 

Ames Research Center 
Dryden F l i g h t  Research  F a c i l i t y  

N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Edwards, C a l i f o r n i a ,  A p r i l  29,  1982 
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TABLE 1 . . PHYSICAL CHARACTERISTICS O F  AD-1 AIRPLANE 

Total height .  m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . .  2.06 (6.75) 
Total length.  m ( f t )  . . . . . . . . . . . . . . . . . . . . . . .  11.80 (38.80) 
Wing ( A  = 0') - 

Reference and actual  planform area. m2 ( f t 2 )  . . . . . . . . .  8.60 (93.00) 
Reference and unswept span. m ( f t )  . . . . . . . . . . . . . .  9.80 (32.30) 
Reference and unswept chord ( r o o t ) .  m ( f t )  . . . . . . . . . . .  1.30 (4.28) 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.2  
A i r f o i l  . . . . . . . . . . . . . . . . . . . .  NACA 3612-02. 40 ( cons t an t )  
Dihedral  angle .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
T w i s t . d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -2 
Root incidence angle .  deg . . . . . . . . . . . . . . . . . . . . . . . .  2 
Quarter chord sweep angle .  deg . . . . . . . . . . . . . . . . . . . . . .  0 
Leading edge sweep angle.  deg . . . . . . . . . . . . . . . . . . . . . .  2 
Average chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . .  0.88 (2.90) 
Wing p i v o t  l oca t ion  . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 4 ~ ~  
Sweep angle  range. deg . . . . . . . . . . . . . . . . . . . . . . .  0 6 0  t o  

Planform area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . .  2.40 (26.00) 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . .  2.40 (8.00) 
Average chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . .  1.00 (3.30) 
Root chord. m (ft) . . . . . . . . . . . . . . . . . . . . . . .  1.60 (5.40) 
Dihedral  angle .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Incidence angle .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Leading edge sweep angle.  deg . . . . . . . . . . . . . . . . . . . . .  45 
A i r f o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0006 

i-iorizontai t a i l  - 

Vert ical  t a i l  - 
A r e a  (exposed).  m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . .  1.30 (14.40) 
Span (exposed).  m ( f t )  . . . . . . . . . . . . . . . . . . . . .  1.10 (3.70) 
Average chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . .  1.20 (3.90) 
Root chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . .  1.80 (5.80) 
Leading edge sweep angle .  deg . . . . . . . . . . . . . . . . . . . . .  43 
A i r f o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0006 

Aileron hinge l i n e  . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 7 5 ~ ~  
Primary c o n t r o l  s u r f a c e s  - 

A i l e r o n  span ( t o t a l ) .  m ( f t )  . . . . . . . . . . . . . . . . .  3.70 (12.00) 
A i l e r o n  area. each. m 2  ( f t 2 )  . . . . . . . . . . . . . . . . . .  0.28 (3.00) 

Ai le ron  r o o t  s t a t i o n .  - . . . . . . . . . . . . . . . . . . . . . .  
A i l e r o n  r o o t  chord. m ( f t )  . . . . . . . . . . . . . . . . . . .  0.20 (0.65) 
Aileron range. each. deg . . . . . . . . . . . . . . . . . . . . . . . .  225 
Eleva tor  hinge l i n e  sweep angle. deg . . . . . . . . . . . . . . . . . . .  0 
Elevator  area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . .  0.46 (5.00) 
Eleva tor  average chord. m ( f t )  . . . . . . . . . . . . . . . . .  0.19 (0.62) 
Eleva tor  r o o t  chord. m ( f t )  . . . . . . . . . . . . . . . . . .  0.23 (0.75) 
Eleva tor  range. deg . . . . . . . . . . . . . . . . . .  25O up t o  15O down 

Rudder area. m 2  ( f t 2 )  . . . . . . . . . . . . . . . . . . . . .  0.14 ( 1 . 5 1 )  
Rudder average chord. m ( f t )  . . . . . . . . . . . . . . . . . .  0.24 (0.77) 
Rudder r o o t  chord. m ( f t )  . . . . . . . . . . . . . . . . . . .  0.28 (0.91) 
Rudder range. deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  225 

0.62 Y 
b/2 

Rudder hinge l i n e  sweep angle.  deg . . . . . . . . . . . . . . . . . . . .  0 
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TABLE 1. - Concluded 

~ Masses - 
Empty weight, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . 6450 (1450) 
Useful load, N (lb) . . . . . . . . . . . . . . . . . . . . . . 2930 (695)  
Fuel  load, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . . 2110 (475)  
Gross weight, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . 9540 (2145) 

Engines . . . . . . . . . . . . . . . . . . . . . . . . . . TWO TRS-18-046 
Sea-level s t a t i c  t h r u s t ,  each, N (lb) . . . . . . . . . . . . . . 979 (220)  

Powerp l a n  t - 

TABLE 2. - SELECTED INSTRUMENTATION PARAMETERS 

~~ ~ 

Parameter desc r ip t ion  

Angle of a t t a c k ,  deg 
Angle of s i d e s l i p ,  deg 
Airspeed, k n o t s  
Al t i tude ,  m ( f t )  

Free a i r  reference 

Pi tch a t t i t u d e ,  deg 
Roll  a t t i t u d e ,  deg 
Pi tch  r a t e ,  deg/sec 
Roll r a t e ,  deg/sec 
Yaw r a t e ,  deg/sec 
Normal acce le ra t ion ,  g 
La te ra l  acce le ra t ion ,  g 
Longitudinal acce le ra t ion ,  g 
Wing sweep angle ,  deg 
R i g h t  a i l e r o n ,  deg 
Lef t  a i l e r o n ,  deg 
Elevator,  deg 
Rudder, deg 
Right t h r o t t l e ,  percent  
Lef t  t h r o t t l e  , percent  
Aileron t r i m  t ab ,  deg 
Elevator t r i m  t ab ,  deg 
Rudder t r i m ,  deg 

temperature , O C  ( O F  1 

Range 

-5 t o  20 
-15 t o  15 

0 t o  200 
0 t o  6100 

(0 t o  20,000) 
-45 t o  65 

(-49 t o  149) 
-30 t o  30 
-30 t o  30 
-60 to 60 
-60 to  60 
-30 t o  30 

-1 t o  4 
-0.5 t o  0.5 
-0.5 t o  0.5 

-25 t o  25 
-25 t o  25 
-27 to 15 
-25 t o  25 

0 t o  60 

60 t o  110 
60 t o  110 

-20 t o  20 
-20 t o  20 
-22 t o  7 

Accuracy 

0.5 
0.5 
3.0 

90.0 
( 300 1 
2.0 

(3.6) 
0.6 
0.6 
0.3 
0.6 
0.3 
0.025 
0.005 
0.005 
0.6 
0.5 
0.5 
0.4 
0.5 
1 .o 
1 .o 
0.4 
0.4 
0.3 
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TABLE 3. - VARIATION OF MOMENTS OF INERTIA WITH WING SWEEP 

[Values inc ludc  p i l o t ,  g e a r ,  and f u l l  fue l ;  gross weight = 9540 N (2145 lb)] 
_ _ _ _ _ _ ~  

Wing 
sweep, 
deg 

0 

15 

3 0  

45 

60 

I, 1 

kg-m2 
( s lug- f t 2  1 

922.8 
(680.6) 

878.0 
(647.6) 

755.6 
(557.3) 

588.3 
(433.9 1 

421.1 
(310.6) 

=Y 1 
kg-m2 

(s lug-f t2)  

3239 
(2389) 

3284 
(2422 ) 

3406 
(2512) 

3573 
( 2635) 

374 1 
(2759) 

1, 
kg-m2 

(s lug- f t2)  

4088 
(3015) 

4088 
(3015) 

4088 
(3015) 

4088 
(3015) 

4088 
(3015) 

=xy 

( s lug-f t 2  ) 
kg-m2 

~ ~~ 

0 
(0) 

167.2 
(123.2) 

289.6 
(213.6) 

335.7 
(246.7) 

289.6 
(213.6) 

. 
TABLE 4. - MAXIMUM CRAMER-RAO BOUNDS FOR PLOTTED DATA 

[Values i n c l u d e  s c a l e  factor  of  21 

Der iva t ive  Bound, f 

0.001 8 

5.0 

0.002 

0.0001 

0.0001 

0.001 5 

0.0001 

0.0001 

0 00045 

D e r i v a t i v e  

(slug-f t 2  ) 

72.5 
(53.5) 

72.8 
53.7) 

73.8 
54.4) 

75.1 
55.4) 

77.0 
(56.8) 

Bound, f 

0.00003 

0.00002 

0.0003 

1 .o 

0.03 

0.05 

0.4 

0.03 

0.03 
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